Background and Aims: Type 1 diabetes (T1D) is associated with other autoimmune diseases (AIDs), but the prevalence and associated predictive factors for these comorbidities of T1D across all age groups have not been fully characterized.
T ype 1 diabetes (T1D) is an autoimmune disease that affects 1.25 million children and adults in the United States and many more worldwide (1, 2) . In addition to the vascular and neuropathic complications of diabetes, a significant source of morbidity in T1D is the increased prevalence of other autoimmune diseases (AIDs), including hyper-and hypothyroidism, celiac disease, adrenal failure, inflammatory bowel diseases, collagen vascular diseases, skin diseases, and others (3) (4) (5) (6) (7) (8) . These diseases either occur sporadically or together in defined syndromes with distinct clinical characteristics (6, 9) and have insidious onsets that might not be readily identified by clinical signs and symptoms. Some, such as hormonal decompensations in adrenal crisis and thyroid storm, are potentially life threatening if not discovered and treated in a timely manner.
These additional AIDs can be mild and easily treated, such as hypothyroidism, or they can have a profound impact on growth (celiac and inflammatory bowel diseases), impair the management of T1D (Addison's, hyperthyroidism), or cause other systemic problems (collagen vascular disease). Predicting susceptibility to this disparate group of conditions is important for both screening and for making diagnoses early, before the patient suffers harm. The utility of screening for associated AIDs in T1D is still debated (10 -15) . Adding to this controversy is the fact that the prevalence of these comorbidities of T1D has not been fully characterized, especially in older patients and in racial and ethnic minorities.
The T1D Exchange Clinic Network includes 80 USbased pediatric and adult endocrinology practices. A registry of patients with T1D commenced enrollment in September 2010 that included collection of a comprehensive set of clinical and laboratory data from the participant's medical record and from participant/parent questionnaires (16) . In this report, we analyzed the T1D Exchange Registry data to address the knowledge gap regarding prevalence of individual AIDs in T1D across all age groups. The large size of the database that includes more than 25 000 patients also allowed us to examine differences in the prevalence of these disorders with respect to gender, age, and race/ethnicity.
Materials and Methods

Study population
The study population included 25 759 individuals with T1D across all age groups from 1 to 93 years who participated in the type 1 Diabetes Exchange Clinic Network from 2010 to 2016. Informed consent was obtained from adult participants and parents/guardians of minors, with assent from minors as required. Data were collected for the registry's central database both from the participant's medical record and by having the participant or parent complete a comprehensive questionnaire, as previously published (16) . The registry study was approved by the institutional review boards and ethics research committees at each of the participating clinics and the Jaeb Center for Health Research.
Data analysis
Analysis methods were defined a priori. Information pertaining to gender and race/ethnicity was obtained from a standard questionnaire completed by the participant or parent/guardian. Age, date of diabetes onset, hemoglobin A1c (HbA1c), and other medical history were collected by chart abstraction, which was standardized for all registry participants. Autoimmune diagnoses were established clinically based on signs and symptoms, available serological markers, other supporting laboratory results, medication use, and patient self-report or by parent report in case of young children. All patients were followed up by endocrinologists and received standard treatment for their AIDs. Mean HbA1c over the year before the registry assessment, calculated from all available for the previous year, was used to represent HbA1c in this analysis.
Statistical analysis
AID frequencies were defined according to the number of autoimmune diagnoses in addition to T1D and classified as 0, 1, 2, and 3 or more. Associations between one or more AIDs and each demographic and clinical characteristic were evaluated using logistic regression models. SAS software version 9.4 (2011; SAS Institute Inc) was used for data analysis. All P values are two sided, and a value of P Ͻ .01 was considered statistically significant.
Role of the funding source
The study sponsor had no role in the study design, data collection, data analysis, data interpretation, or writing of the report. J.M. had full access to all the data in the study and had final responsibility for the decision to submit for publication.
Results
The 25 759 participants ranged in age from 1 to 93 years. Whereas the mean age was 23.0 Ϯ 16.9 years (Table 1) , there were 7324 participants (28%) who were 26 years of age or older. Subjects were 50% female, 82% non-Hispanic white, and had a mean duration of diabetes of 10.6 years at the time of data collection. Median HbA1c Ϯ SD was 8.4% Ϯ 1. 6%. Additional cohort characteristics are shown in Table 1 . Among the participants, 27% of study participants (n ϭ 6870) had a diagnosis of at least one AID. Of these, 20% (n ϭ 5262) had one; 5% (n ϭ 1374) had two; less than 1% (n ϭ 214) had three; less than 1% (n ϭ 19) had four, and less than 1% (n ϭ 1) had five AIDs. 
Factors associated with AIDs
Participants with one or more AIDs were more likely to be older (P Ͻ .001), female gender (P Ͻ .001 after adjusting for age and duration), and of white non-Hispanic race/ ethnicity (P Ͻ .001 after adjusting for age and duration, Table 2 ). Although the frequency of one or more AIDs was greatest in non-Hispanic whites (29% of this racial group affected), the likelihood of one or more AIDs was also high in the other ethnic groups: 21% of Hispanic/Latino (n ϭ 420), 12% of black non-Hispanics (n ϭ 156), and 21% of other races (n ϭ 243), illustrating increased autoimmune propensity in T1D-affected individuals of any race, compared with what would be expected in the general population ( Table 2) .
Participants with one or more AIDs were also more likely to have a longer T1D duration (P Ͻ .001) and be diagnosed with T1D later in life (P Ͻ .001 after adjusting for duration). However, the burden of additional AIDs was not associated with metabolic control after adjusting for confounding from age and T1D duration: frequency of one or more AIDs was 29% among participants meeting American Diabetes Association glycemic target of HbA1c less than 7.0% and 27% among those not meeting the target (P ϭ .02; Table 2 ).
The distribution of AIDs by age is shown in Figure 1 . Most affected participants across all age groups have a single AID (black bars), as opposed to more than one (gray bars). Notably, there is an age-dependent increase in the percentage affected with one AID starting in participants 18 years old and older with no plateau effect. An increase in the participants with two or more AIDs was also observed with older age.
Prevalence of AIDs by disease type
The types of AIDs and their frequencies are presented in Table 3 . Thyroid diseases were the most common reported AID, affecting 20% (n ϭ 5121) of all study participants. Among these, most had hypothyroidism or Hashimoto's disease (n ϭ 4895, 96% of all thyroid diseases), whereas fewer had hyperthyroidism or Graves' dis- press.endocrine.org/journal/jcemease (n ϭ 400, 8% of all thyroid diseases). Less common were rheumatoid arthritis (RA; n ϭ 244, Ͻ1%), vitiligo (n ϭ 169, Ͻ1%), psoriasis (n ϭ 170, Ͻ1%), and Addison's disease (n ϭ 76, Ͻ1%).
We observed a strong female predominance across the spectrum of AIDs. Of those with thyroid diseases, 67% (n ϭ 3408) were female, with a similar distribution among those with Hashimoto's thyroiditis (66% female) and Graves' disease (74% female). Among collagen vascular diseases, systemic lupus erythematosus has by far the highest female predominance at 93% (n ϭ 40), followed by scleroderma at 91% (n ϭ 10) and RA at 75% (n ϭ 182). Other disease categories showed minor female preponderance, ranging from 57% (n ϭ 867) in celiac disease to 53% (n ϭ 40) in Addison's disease. As shown in Table 3 , females also were more likely to have two or more AIDs compared with males.
Discussion
This is the largest US-based study assessing the frequency of AIDs in individuals with T1D. Although the T1D Exchange is not a population-based registry, our cohort represents the diverse sociodemographic and clinical features in children and adults with T1D throughout the United States. The overall prevalence of additional AIDs in our participants with T1D was 27%, which significantly exceeds the estimated 3%-8% prevalence of AIDs in the general population (17, 18) as well as some of the previ- ously reported AID frequency in T1D populations (6, 19 -22) . Whereas our registry participants are divided evenly among female and male gender, most of those affected by additional AIDs are female (63%, n ϭ 4321) compared with male (37%, n ϭ 2494), which agrees with the established female predominance in the autoimmune literature. The prevalence of specific AIDs in T1D differs based on disease type. Autoimmune thyroid disease is well recognized as the most common AID in T1D. We found autoimmune thyroid disease in 24% of our registry participants, a figure that is consistent with prior reports (23) . Of note, some studies that relied on autoantibody testing yielded higher prevalence data, including Hanukoglu et al (24) , who had shown 27% thyroidperoxidase and/or thyroglobulin antibody positivity in teens with T1D (n ϭ 29 of 109), Barker et al (25) , who reported 29% thyroid antibody positivity (n ϭ 236 of 814), and Umpierrez et al (21) , who reported 33% as having either autoantibodies or thyroid dysfunction (n ϭ 19 of 58). Because ours was a retrospective observational study, autoantibody data were not available for all patients, which likely led to an underestimation of the true prevalence of thyroid autoimmunity in this population.
In other disease categories, our findings contrasted variably from existing data. Addison's disease was seen in 0.3% (n ϭ 75 of 25 759) of our T1D participants, lower than previously published 1.7% (n ϭ 11 of 629) (14) . RA was seen in less than 1% (n ϭ 228) in our study, whereas its incidence has been reported as higher in other series, particularly in older patients (7, 27) . Both these diseases tend to affect individuals after the age of 35-40 years; therefore, it is no surprise that they had lower rates in our cohort (mean age 23.0 y, median age 16.5 y). In contrast, celiac disease, which is often seen in the young, had a prevalence of 6% in our series, which fits within the 4%-11% range that has been previously reported (24 -26, 28) . The young age of our cohort also made it possible to miss a portion of adult-onset autoimmune diabetes patients, who tend to have a high frequency of associated autoimmunity, particularly of the thyroid (29, 30) .
Our cohort demonstrated an age-related increase in AID frequency, with no threshold effect in the very young or a plateau effect in older age groups. Beginning with younger than 6 years of age, 18% of these children already exhibited one or more AIDs in addition to diabetes. The AID frequency remains largely stable through adolescence and early adulthood but increases after the age of 26 years. The older patients in our registry had the highest AID frequency, up to 42.2% of those older than 50 years (n ϭ 1202) and 46.9% of those older than 65 years (n ϭ 328). Without age-of-onset information for each AID diagnosis, we cannot distinguish new-onset AID in each age group from mere accumulation over time. However, there is strong evidence from the literature that certain AIDs cluster in older populations, including Sjogren's, multiple sclerosis, and RA (27, (31) (32) (33) , which may be the case in our series. Interestingly, despite what may be higher autoimmunity in the elderly, the clinical manifestations of lateonset disease are often milder, reflecting altered immune regulation and possibly expansion of protective regulatory mechanisms with advancing age (34 -36) . It is also noteworthy that the increased burden on AIDs did not appear to adversely affect overall metabolic control in our participants.
In addition to cohort size, another advantage of this study is the inclusion of a large number of black and Hispanic participants. For a disease such as T1D that most commonly affects non-Hispanic whites, the large number of black and Hispanic participants in the registry provided a unique opportunity to study the prevalence of AIDs in these minority populations. Whereas non-Hispanic white participants had the highest prevalence of AIDs, our data demonstrate that the prevalence of associated autoimmunity is also substantial in racial and ethnic minorities, including greater than 20% of Hispanic/Latino and 12% of black non-Hispanic T1D individuals. A significant difference likely exists in the prevalence of specific AIDs in each population. In support of this, studies have found an increased risk of systemic lupus erythematosus in Hispanic and black women as well as more prevalent Graves' disease in non-Hispanic blacks and Asians (37, 38) . In both lupus and Graves' disease, early diagnosis and intervention can reduce end-organ damage and improve overall clinical outcomes; therefore, it is important that T1D providers be cognizant of the possibility of these AIDs in atrisk groups. With additional analyses of our data set in the future, we may be able to identify specific AID prevalence by race and to draw more conclusions about how genetic factors contribute to the development of each AIDs in the context of preexisting T1D.
Our data have several implications for AID screening in individuals with T1D. First, because there is a large increase in AID frequency after adolescence, screening efforts should be reinforced in the early-adult population (age 18 -26 y) to identify clinically silent but developing tissue-specific autoimmunity. Screening may need to continue in patients with advanced age because our cohort showed no maximal age cutoff for identifying additional AIDs after an individual has developed T1D. In all age groups, thyroid disease and celiac disease should be a priority for screening, given their high prevalence and potential long-term complications of untreated disease (12, 39, 40) . For other AIDs with lower prevalence, our evidence does not support routine screening, unless there are signs press.endocrine.org/journal/jcem 4935 and symptoms suggestive of a new autoimmune diagnosis. Screening for Addison's disease should be done for patients with a positive family history. Limitations of this study include its retrospective nature and the relative young age of the cohort. Also, because we relied on clinical history rather than autoantibody positivity, AID prevalence was likely underestimated. The fact that the cohort is analyzed at a single time point also limits our ability to extrapolate true AID frequency in older age groups. Future studies should endeavor to identify AID risk at the earliest time point, whether it is autoantibody positivity or DNA analysis for human leukocyte antigen (HLA) genotyping. For example, children carrying the HLA-DRB1 and DQB1 alleles may be at increased susceptibility to celiac disease and RA in addition to T1D (41) (42) (43) . Non-HLA loci including CTLA4, PD1, and pathways regulating inflammation have now been identified as potential modulators in T1D and may also predict susceptibility to other AIDs (44 -48) , including CTLA4 as a shared susceptibility gene for T1D and autoimmune thyroid disease (49, 50) . These markers may reveal why it is that AIDs tent to cosegregate in certain demographic groups and what are the contributions from genetic vs environmental factors for the development of AIDs. Future studies should also include date of onset for AIDs to show whether the presence of T1D affects the development of other autoimmune diseases, or vice versa, and to better understand disease associations.
Conclusion
Overall, the high prevalence (27%) and wide spectrum of AIDs in our study reinforces the need to identify AIDs during the follow-up of patients with T1D. The most frequent T1D-associated autoimmune diseases include Hashimoto's thyroiditis, celiac disease, Graves' disease, RA, and vitiligo. These findings have implications for screening practices and pretest probability of identifying autoimmune disease, suggesting that clinicians should remain vigilant to the possibility of other autoimmune diseases even in older T1D patients.
